The trend towards lighter and more flexible blades may lead to aeroelastic instability of wind turbines under certain circumstances, resulting in rapid destructive failure or limit-cycle oscillations of the structural components. For pitch-regulated wind turbines, classical flutter is believed to become an increasingly important design consideration as blades become longer and slender. Flutter is an aeroelastic instability phenomenon where a torsional blade mode couples to a flap-wise bending mode, leading to a mutual rapid growth of the amplitude of the flap-wise and torsional motions. In this paper, a detailed finite element (FE) model for the wind turbine system is developed, with consistent modeling of the coupling between aerodynamic, elastic and inertial loads which have significant influence on the coupled-mode (flap-wise and torsional) vibration and stability. Further, elastic coupling between blade vibrations with tower and drivetrain motions are also considered, making this model capable for coupled-mode flutter analysis of a complete wind turbine system. The parameters of the model have been calibrated to the DTU 10MW wind turbine, and the critical flutter speed of the rotor is shown to be about 1.6 times its nominal rotational speed. A novel torsional viscous damper is then proposed to suppress torsional blade vibration and to enhance flutter stability of wind turbines.
Introduction
With the increasing size, future wind turbine designs will likely be stability-driven in contrast to the current loadsdriven designs [1] . Modern pitch regulated variable-speed wind turbines normally do not operate in stall, and the risk of stall-induced vibration is not as serious as for stall-regulated wind turbines [2] . On the other hand, although classical flutter has not been observed on modern pitch-regulated wind turbines yet, it is believed to become a very important design consideration as wind turbine blades become longer and more flexible [2, 3] . As the length of the wind turbine blades increases with the increasing rated capacity, the critical rotational speed for flutter will eventually approach the nominal rotational speed of the rotor, resulting in smaller stability margins for flutter [3, 4] . Furthermore, blade structural bend-twist coupling (BTC) has been proposed recently, as a way to passively mitigate the wind-induced fluctuating loads and to prolong the fatigue life [5] . Higher structural BTC is desirable to make fatigue load reduction, but it may also increase the risk of classical flutter due to the coupling of blade bending and torsional modes.
Comparing with stall-induced vibrations, flutter is a more violent aeroelastic instability where the first torsional blade mode couples to a flap-wise bending mode through the aerodynamic loads. Flutter takes place if the change of angle of attack due to the torsional deformation changes the lift force in an unfavorable phase with the flap-wise response. A wind turbine may have the risk of flutter when these conditions are met : 1) attached flow around the blade; 2) sufficiently high relative speed of the flow (sufficiently high rotational speed of the rotor) to ensure sufficient energy input; 3) eigenfrequencies of a flap-wise mode and the first torsional mode close to each other; 4) the mass center of gravity of the blade cross-section lies aft of the aerodynamic center [2] . Therefore, coupled-mode flutter becomes possible for large pitch-regulated wind turbines when the rotational speed of the rotor is large. It is of great importance to carry out accurate flutter analysis of a wind turbine system, in order to determine the critical rotational speed of the rotor for the onset of flutter (critical flutter speed) and to reveal the stability margin of the turbine.
In this paper, a rigorous finite element (FE) model for the wind turbine system has been developed, based on which flutter analysis of wind turbines is carried out. Unlike the widely-used 2D blade section model [4] for flutter analysis, the proposed FE model (3D) takes into account all important characteristics of a real wind turbine, e.g., the offsets between the center of gravity, the shear center and the aerodynamic center of each cross-section along the blade, the distribution of pre-twist along the blade, couplings between the blade vibrations with tower and drivetrain vibrations. All these effects are important for accurately carrying out flutter analysis and predicting the critical flutter speed. The DTU 10 MW wind turbine [6] has been used to calibrate the parameters of the FE model. Simulation results show that the critical flutter speed is about 1.6 times the nominal rotor rotational speed. Furthermore, a novel electromagnetic torsional viscous damper is proposed to be installed inside the blade, in order to damp the torsional vibration of the blade and to improve the flutter stability of the wind turbine system.
FE model of the aeroelastic wind turbine system
, y 3 A structural dynamic model for the complete wind turbine system is established. The tower and drivetrain are modeled with highly reduced number of degree-of-freedom (DOF), and each blade is modeled by detailed FE beam model. The coupled blade-tower -drivetrain vibrations are well accounted for.
Definition of three coordinate systems and the global DOFs
To accurately model the wind turbine, three different coordinate system are introduced as shown in Fig. 1 . (X 1 , X 2 , X 3 )-is the fixed, global coordinate system with its fixed origin O at the center of the tower top when the tower is unde-formed. (x 1 , x 2 , x 3 )-is the rotating blade coordinate system with its origin O ′ attached at the center of the hub. Ψ(t) is the azimuthal angle of each rotating blade. Further, for each cross-section along the blade, a local principal axes coordinate system (y 1 , y 2 , y 3 )-is introduced with origin at the bending center E of the cross-section. y 1 -, y 2 -are the two principal axes of the cross-section, and y 3 -is co-directional to x 3 -axis. L indicates blade length, h indicates the height of the tower from base, s is the horizontal distance between the center of the tower top and the center of hub.
The tower and drivetrain motions are modeled in the (X 1 , X 2 , X 3 )-global coordinate system. A 5-DOF reduced order Bernoulli-Euler beam model is used for describing the tower motion [7, 8] , where q 1 (t) and q 2 (t) are the two translational DOFs, and q 3 (t), q 4 (t) and q 5 (t) are the three rotational DOFs (Fig. 1) . The drivetrain is modeled by St. Venant torsional theory with 2-DOF q 6 (t) and q 7 (t) (not shown here), where q 6 (t) indicates elastic torsional deformation of the low speed shaft and q 7 (t) indicates elastic torsional deformation of the high speed shaft [7, 8] . Each blade is modeled as a Bernoulli-Euler beam in the rotating (x 1 , x 2 , x 3 )-coordinate system. As shown in Fig. 2 , the blade with the length L is discretized into n finite elements along the x 3 -axis. For each element j, the principal axes coordinate system (y 1 , y 2 , y 3 )-is introduced with origin at the bending center E of the cross-section. Let r(t) = [r 1 , r 2 , ..., r 12 ]
FE modeling of the rotating blade
T be a column vector storing the DOFs of the element j in the (y 1 , y 2 , y 3 )-coordinate system.
T denotes the elastic deformation field of the bending center E within the element, which can be obtained by the following interpolation:
is a matrix containing related shape functions, from Bernoulli-Euler beam or St. Venant torsional theory. Next, the deformation field of the center of gravity G within the element is expressed in terms of the DOFs r(t) = [r 1 , r 2 , ..., r 12 ]
T . As shown in Fig. 3 , the following transformation between the deformation field of E and G holds:
where
is the transformation matrix containing the offsets y
can be written in terms of r(t):
Furthermore, for each element j, the transformation between the blade coordinate system (x 1 , x 2 , x 3 )-and the principal axes coordinate system (y 1 , y 2 , y 3 )-is:
T is a column vector storing the DOFs of the element j in the blade (x 1 , x 2 , x 3 )-coordinate system. P(x 3 ) is the transformation matrix containing θ j , the angle between x 1 -axis and y 1 -axis, as shown in Fig. 3a . Finally, the deformation field of the center of gravity G within the element is expressed in terms of the DOFs R(t):
A S Fig. 3 . Cross-section of the blade and two coordinate systems. a) Transfer of the deformation field from E to G. b) Aerodynamic loads acting on the aerodynamic center A.
The translational velocity vector of a cross-section of the rotating blade including the contributions from tower and drivetrain vibrations, in the moving (x 1 , x 2 , x 3 )-coordinate system, can be written as [8] :
where Ψ(t) is the azimuthal angle of the blade, and Ω is the rotational speed of the rotor.
The kinetic energy of each element can be obtained from the three translational velocities as well as the rotational velocityθ G 3 . From this kinetic energy, all the element mass matrices can be derived, such as the consistent mass matrix in conventional FE model, the mass matrices accounting for the coupling effect from tower and drivetrain. Then, the corresponding mass matrices of the whole blade can be obtained by assembling the element matrices.
Equations of motion of the wind turbine system
The above procedure is applied to all three blades. The total kinetic energy also includes that of the tower and of the drivetrain. The total potential energy can be easily calculated from all DOFs of the system. The equations of motion of the wind turbine system follow by inserting the kinetic and potential energies into the Lagrange equation:
where M(t), C(t) and K(t) are the time-dependent mass, damping, stiffness matrices.
T is the column vector storing all DOFs of the system, where
T , R 1 , R 2 and R 3 store all DOFs of each of the three blades. The aerodynamic force vector f(Q,Q, β(t), t) is calculated based on the classical blade element momentum (BEM) method [8, 9] , taking the quasi-static aeroelasticity, the pitch control angle β(t) into consideration (Fig. 3b) . It should be noted that in formulating f, the lift force p L and drag force p D acting on the aerodynamic center A have been transferred to the shear center S . Fig. 4 illustrates the proposed electromagnetic torsional viscous damper, which is installed inside the blade (inner part). It is well-known that when a conductive material is subjected to a time-varying magnetic flux, eddy currents are generated in the conductor. These eddy currents circulate inside the conductor, generating a magnetic field of opposite polarity as the applied magnetic field [11] . The interaction of the two magnetic fields induces a torque that resists the change in magnetic flux. This torque is proportional to the slipṙ 6, j −ṙ 6,i , i.e., the difference between the angular velocities of the adjacent shafts, corresponding to a linear viscous damper with the damping constant c t . The value of c t can be easily changed by adjusting the magnetic field, making semi-active control possible.
Electromagnetic torsional viscous damper
The torsional damper is mainly composed with the magnetic bar and the conducting tube. The magnetic bar is attached to the inner shaft which is fixed close to the nacelle. The conducting tube is attached to the transmission shaft, the outer end of which is fixed at the mid board of blade (distance b from the inner fixed end).
Magnetic f lux lines

Magnetic bar
Conducting tube r 6,i r 6, j Fig. 4 . The electromagnetic torsional viscous damper.
Simulation results
Data from DTU 10 MW wind turbine [6] have been used to calibrate the structural model of the wind turbine system. Each blade with a length 89 m is discretized into 50 elements, and the total number of DOFs of the system becomes 50 × 6 × 3+7=907. A frozen isotropic and homogeneous turbulence filed is modelled by a vector ARMA model [10] . The rotational sampled turbulence is then obtained by converting the frozen field with a mean wind velocity V 0 into the rotating rotor. The first three eigenmodes of a single non-rotating blade is shown in Fig. 5 . Due to pre-twist, the eigenmodes become 3D spacial modes rather than 2D planar modes. For example, the 1st out-of-plane mode (Fig. 5a) is dominated by the flap-wise component, but non-zero edgewise component also exists in this mode due to the coupling effect. Similarly, the 1st in-plane mode dominated by edgewise vibration, also contains some flap-wise component (Fig. 5b) . Fig . 6 shows the time-series of the blade flap-wise tip displacements and torsional tip deformation, when the turbine is under normal operational condition (at nominal rotational speed 1.0 rad/s) with mean wind speed V 0 =15 m/s and turbulence intensity I = 0.1. It is seen that the flap-wise vibration is highly damped due to high aerodynamic damping and becomes quasi-static. The torsional vibration is less damped, and eigenvibration is clearly seen in the response.
When the rotational speed of the rotor is gradually increased to 1.6 times the nominal rotational speed, the onset of flutter takes place, which means the critical flutter speed of this 10 MW turbine is 1.6Ω 0 . Fig. 7 shows the corresponding time-series of the blade responses when Ω = 1.6Ω 0 . It is seen that when flutter takes place, significant negative damping is present in the torsional mode, leading to exponentially increasing amplitude in torsional vibrations. To enhance the flutter stability, the proposed torsional viscous damper is installed inside the blade. The design parameters of the damper are the damping constant c t and the distance b between the fix ends, which need to be optimized during the design phase. Fig. 8 shows the blade responses when the damper (c t = 421721 Nms and b = 48.9 m) is mounted, with the same rotor rotational speed Ω = 1.6Ω 0 as in Fig. 7 (flutter instability in Fig. 7) . The torsional damper successfully adds damping into the torsional mode, and flutter no longer takes place when Ω = 1.6Ω 0 . Actually, it is observed that the critical flutter speed is increased to Ω = 3.6Ω 0 with the damper installed. Therefore, the proposed damper significantly improves the flutter stability of wind turbines.
Conclusions
In this paper, a rigorous FE model of the aeroelastic wind turbine system is developed for coupled-mode flutter analysis. The proposed model takes into account all important coupling effects, which are important for accurately carrying out flutter analysis. Simulation results show that the onset of flutter takes place when the rotational speed of the rotor becomes 1.6 times the nominal rotational speed.
Next, a novel electromagnetic torsional viscous damper is proposed to be installed inside the blade, in order to damp torsional vibrations of the blade and to enhance flutter stability of the system. It is shown to be a promising damping device for improving flutter stability of wind turbines, with the potential of being a semi-active device.
